By means of the plane wave method we study nonuniform, i.e. mode-and k-dependent, effects in the spin-wave spectrum of the two-dimensional bicomponent magnonic crystal. We use the crystal based on the hexagonal lattice squeezed in the direction of the external magnetic field wherein the squeezing applies to the lattice and the shape of inclusions. The squeezing changes both the demagnetizing field and the spatial confinement of the excitation which may lead to the omnidirectional magnonic gaps occurrence. In particular, we study the role played by propagational effects, which allows us to explain the k-dependent softening of modes. Effects we have found give the possibility to design not only the width and position of magnonic band gaps but also to plan their response on the change of the external field magnitude. This brings the opportunity of the reversible tuning of magnonic gaps and points at studied structures as promising candidates for designing of magnonic devices tunable during operation.
I. INTRODUCTION
Magnonics nowadays is an important branch of research. [1] [2] [3] [4] Utilization of the spin waves as information carriers is tempting but also challenging from different viewpoints: basic research, application, and technology. One of the important features of the magnonic systems useful for applications is the existence of the forbidden frequency range in the spin-wave spectrum, the so-called magnonic gap, which could be utilized as a stop band in spin-wave filters or transducers. From the application point of view, the crucial feature of the gap is its tunability. The occurrence of a band gap in the energy spectrum is the fundamental characteristic of periodic structures, including magnonic crystals (MCs). 5, 6 In MCs there are many opportunities to design magnonic band gaps by the choice of magnetic materials the MC consists of, as well as structural parameters such as dimensionality, periodic lattice type, or shape of inclusions. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] However, the omnidirectional (complete) magnonic band gap opening in thin-film MCs requires rather high magnetic fields in the out-of-plane magnetized MCs 20 or very large magnetization contrasts (Fe/Ni composites). 13 In in-plane magnetized permalloy or cobalt/permalloy MCs partial (directional) magnonic band gaps have been reported so far.
9,21-27
The adjusting of material and structural parameters allows to tailor the spin-wave spectrum, however, properties of the MC are fixed and a challenging task is to provide a tuning in operando. There are few approaches addressing this problem. One of them is called electrically controlled dynamic MCs. 28 The idea is to use the electric current flowing through an array of parallel wires a) Electronic mail: mamica@amu.edu.pl to create a periodic external magnetic field in the vicinity to the uniform magnetic thin film. The field causes spin waves to propagate in a periodic potential the amplitude of which is tunable by the current. The width of reported gaps is in the range of few tens of MHz and the possibility of miniaturization is very limited. An allmagnetic way to operational designing of magnonic gaps is to involve reprogrammable MCs in the form of a periodic array of magnetic stripes. 29, 30 The system can be reversibly switched between ferro-and antiferromagnetic configuration of the magnetization of particular stripes. Reported gaps are up to c.a. 1 GHz wide but its switching is related to the magnetization reversal caused by the change of the external field direction. This results in hysteresis, large magnetic fields and rather long times of the magnetization switching. Directional gaps tunable by an external magnetic field without magnetization reversal were also reported in Fe/YIG composites, however, the change of the gap width by 30% requires magnetic field up to 1.0 T.
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In our recent paper, 32 we have shown another possibility of opening the complete magnonic band gaps by squeezing of the bicomponent MC structure. We have found that in such structures the gap width can significantly change upon the small change of the external magnetic field magnitude (50-200 mT) without magnetization reversal. The mechanism which is involved is the nonuniform mode softening.
In different magnetic systems at low magnetic filed the change of the field magnitude leads to the nonuniform frequency shift of the spin-wave spectrum. This has already been observed in the one-dimensional MCs, 29, 30, 34, 35 in two-dimensional (2D) lattices of interacting magnetic dots, 36 and in anti-dot lattices. 37 The nonuniformity appears in two different effects. First is a mode-dependent frequency shift and the second is a k-dependent shift within the single band. The last one means the depen-dence on the direction and length of the wave vector k. Such propagation effects can lead to several interesting features in planar magnetic systems, e.g., the virtual separation of the thin film into subsystems and the band collapse, 38-40 the mirage effect, 41 the spin-wave lensing and flow control.
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The aim of the current work is to explain the influence of the squeezing and the external field change on the mode softening in the context of propagation effects. We study mechanisms of the k-dependent frequency shift in the spin-wave spectrum and show these mechanisms to be useful for the design and tuning of the omnidirectional magnonic gaps. We consider a bicomponent 2D MC of the form of a thin film consists of cobalt inclusions in the permalloy matrix. The structure is based on the squeezed hexagonal lattice wherein the squeezing affects both the lattice and the shape of inclusions. We use the plane wave method (PWM) to calculate spin-wave spectra. In Sec. 2 the basis of this approach and the model of considered MCs are described. In Sec. 3 we examine the effect of the squeezing on the spin-wave spectrum. We analyze the influence of the demagnetizing field, the spatial confinement of the spin-wave profile, and its concentration in cobalt/permalloy. In Sec. 4 we study propagational effects in the spin-wave spectrum, especially the k-dependent softening of modes are explained. Finally, in Sec. 5, we provide some examples of 2D MCs possible to fabricate with the nowadays technology in which the existence and the behavior of omnidirectional gaps are tailored by the squeezing of the structure. Here, we show the possibility of the reversible tuning of magnonic gaps by the change of the external field magnitude, keeping the sample saturated. The gap width is changing gradually with the rate designed by the MC structure. The paper is completed with conclusions (Sec. 6).
II. THE MODEL
In this work, we study the spin-wave propagation in 2D MCs consisting of cylindrical cobalt inclusions (also called rods or dots) embedded in a thin-film permalloy matrix. 22, 47 The film thickness is 30 nm and material parameters used in this work are: the saturation magnetization 1.39e6 A/m for Co, and 0.81e6 A/m for Py, the exchange stiffness constant 2.8e-11 J/m in Co, and 1.1e-11 J/m in Py. The dots are arranged in sites of a 2D hexagonal lattice (Fig. 1a) . The lattice constant is a = 600 nm and the diameter of dots is R = 340 nm. This structure we will refer to as the base structure. An external magnetic field H is applied in the plane of the MC along the x direction causing the demagnetizing field to rise at the interfaces between Co and Py. To manipulate this demagnetizing field the base structure is squeezed in the direction of the external field (Fig. 1b) . Although it is thinkable to squeeze the MC in operando 48 the aim of our work is to examine the influence of the demagnetizing field in the static case, i.e., the squeezed MC means the MC based on the squeezed structure (except a short comment in Sec. 5). The squeezed structure will be described by the ratio of the new lattice constant in the x direction to the original one which we will refer to as the structure ratio (s). Squeezing affects both the lattice and the shape of rods. In Fig. 1c and d the first Brillouin zone (FBZ) for the base and squeezed structure is provided, respectively, with blue lines used to mark the high symmetry path. Please notice that squeezing of the structure leads to the elongation of the FBZ in the k x direction.
To describe the dynamics of the magnetization we use the classical continuous medium approach where the equation of motion is the Landau-Lifshitz (LL) equation:
Here M = M (r, t) is the space-and time-dependent magnetization vector, γ is the gyromagnetic ratio, and µ 0 the vacuum permeability. As in the case of free electrons, we assume |γ| µ 0 = 2.21 · 10 5 mA −1 s −1 . Damping is neglected in this study. In the effective magnetic field H eff we take into account three components: magnetostatic field, exchange field, and static external magnetic field H. Assuming H to be strong enough to saturate the magnetization of the MC we use the linear approximation, thus M = [M S , m y , m z ], where M S is the sat-uration magnetization and m z and m y are two dynamic components of the magnetization vector. All vectors are expressed in the Cartesian coordinate system with the xaxis oriented along the external field, the y-axis laying in the plane of the MC, and the z-axis pointing out-of-plane direction (see the inset in Fig. 1) .
To solve the LL equation we use the PWM which is popular approach in magnonics already elucidated in several papers (see, e.g., Refs. 5, 49-53 ) therefore here we recall only its main steps. After linearization of the LL equation, the method involves two transformations which require ideal periodicity and allow to consider only the unit cell with the periodic boundary conditions. All material parameters, such as saturation magnetization M S , exchange stiffness constant A, or exchange length λ ex , are periodic in the real space and thus Fourier-expanded. The Bloch's theorem applies to the dynamic functions, such as the dynamic demagnetizing field components and the dynamic components of the magnetization. The final set of equations is equivalent to the algebraic eigenvalue problem with the following block matrix:
N being the number of plane waves used in the Fourier and Bloch expansion. For thin film bicomponent MCs with the external magnetic field applied in the plane of the film the elements of the above matrix are as follow:
16,54,55
where the following symbols are used:
Here M S (G) and λ ex (G) are Fourier expansions of respective material parameters. The subscripts i, j and l are integer numbers from 1 to N , vectors G are reciprocal lattice vectors, and k is the Bloch wave vector of the SW. The exchange length is defined as λ ex = 2A/µ 0 M 2 S .
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Above formulas are valid for the excitations uniform in the z direction which is a reasonable assumption for the film as thin as d = 30 nm, as it is in our case. Fourier expansions of each material parameter Y are
where f is a filling fraction, which for squeezed hexagonal MCs studied in this paper is given by f = πR 2 a 2 sin(π/3) , J 1 is a Bessel function of the first kind. The symbol GR = (G x R x ) 2 + (G y R y ) 2 , R x and R y being semi-axes of the ellipse in x and y direction, respectively.
Providing a numerical diagonalization of the matrix (1) one can calculate reduced frequencies (eigenvalues) Ω = iω/ |γ| µ 0 H and eigenvectors m k (G). The last are coefficients of the Bloch expansion of the dynamic magnetization component:
From this equation, one can calculate the spatial distribution of the dynamic magnetization for a given mode and k, i.e., the SW profile. Usually, distributions of the z and y components obtained for the same mode are similar, so it is sufficient to provide just one component (in-plane or out-of-plane) to explain the character of the mode. In this work, we use N = 271 plane waves for Bloch and Fourier expansions, which is large enough to ensure the satisfactory convergence of the results.
Following Ref. 57 we introduce a concentration factor which for rods reads:
In the case of 2D MCs the mean value of squared amplitude of the dynamic magnetization in the area S X is m X = 1 S X S X |m| 2 dS where for rods X = A and for the matrix X = B. The quantity given by Eq. (2) allows to determine the dominant excitation distribution in different materials of any particular spin-wave mode, e.g., the in-rods concentration factor above 0.5 means that the concentration of dynamic magnetization is higher in Co rods than in Py matrix.
III. CONSEQUENCES OF THE SQUEEZING
In Fig. 2 we show representative spin-wave spectra calculated over the FBZ along the high symmetry path (Fig.  1c and d , please notice that the squeezing of the structure leads to the elongation of the FBZ in the k x direction). Since we are interested in widest gaps which open at the bottom part of the spectrum, only ten lowest modes are shown. Dispersion curves are colored to depict the concentration factor in rods/matrix (see Eq. (2)) of each mode vs. the wave vector (color scale is given in the inset in Fig. 2a) . Complete magnonic gaps are marked by dotted horizontal lines drawn for their bounding frequencies. The spectra are arranged in two rows for two magnitudes of the external field: 50 mT (upper row) and 100 mT (lower row). Each row contains spectra for three structure ratios: 1.0 (base structure), 0.6, and 0.4.
For the base structure at 50 mT (Fig. 2a) , the bunch of ten lowest modes fits in the range between 6 and 9 GHz. The concentration factor slightly depends on the wave vector. The spin-wave spectrum exhibits a very narrow band gap of the width 22 MHz just below 8 GHz. The gap occurs between 6th and 7th mode (we will refer to as the 6th gap because it appears above 6th mode). For the squeezed structure (Fig. 2b) this gap does not occur but two other gaps exist instead: 961 MHz wide 2nd gap and the 5th gap as narrow as 53 MHz. The spectrum, except two lowest-frequency modes, is shifted up and now the top frequency is c.a. 10 GHz. The two lowest modes behave completely different: their frequency range widens and shifts down. Additionally, there is a change in the concentration factor which is notably visible for these two modes (for the lowest mode in the FBZ center cf A changes from 0.53 to 0.73) and the variation of the concentration factor with the wave vector increases. For more squeezed structure (s = 0.4, Fig. 2c ) the concentration factor is much more diverse, which results in the k-dependent shift of frequencies and finally in the closing of the 5th gap. The in-rod concentration of two lowest modes continues to grow, however, only the lowest one moves down in the spectrum while the second mode shifts up. In a consequence, the 2nd gap narrows down to 339 MHz but the 1st gap appears around 6 GHz and its width is 273 MHz. The rest of the spectrum again is shifted up. Similar behavior of the spin-wave spectrum stands for the external field of 100 mT (compare Figs. 2d-f).
In our previous paper devoted to squeezed 2D MCs, we notice the influence of the growing demagnetizing field upon the squeezing of the structure. 32 Due to the higher saturation magnetization of Co, the demagnetizing field in rods is negative while in the matrix positive. The squeezing of the structure along the external field direction causes both absolute values to grow which gives a stronger reduction of the internal field (defined as the sum of the external magnetic field and the demagnetizing filed 33 ) in rods and makes spin waves to be easier excited there. Thus the intensification of the demagnetizing field influences rod-concentrated modes in two ways: by a direct lowering of the frequency due to the reduction of the internal field and by the growth of the concentration factor which enhances the first effect. Finally, for s = 0.6 we can distinguish two modes separate from the rest of the spectrum causing almost 1 GHz wide gap to open (Fig. 2b) . Both modes are highly concentrated in Co rods. For stronger squeezing the lowest mode continues to soften while the second mode stops softening and shifts up (Fig. 2c) . In Ref. 32 we explain this behavior looking at the spin-wave profiles for the modes in question: the frequency of higher order modes, having more nodal lines in their profiles, shifts up while the structure is squeezed due to the quantization in a smaller area (the effect similar to the wave confined in the potential well). Thus the final shift of the frequency is the result of the competition between two opposite effects, namely 'softening' of cobalt rods and growing of the spatial confinement. These findings helped us to roughly explain the mode-dependent shift of frequencies in the spin-wave spectrum visible in Fig. 2 . Now let us go with the problem deeper into the details.
In Fig. 3 we plot spin-wave profiles for two squeezed structures: s = 0.6 (panel a) and s = 0.4 (panel b). In both panels, there are three columns corresponding to three high symmetry points in the FBZ (see Fig. 1c ). The left column is for point M', i.e., the FBZ border for the propagation in the y direction (bottom-up in the pictures), the central column is for the FBZ center (Γ, k = 0), and the right one is for point K lying at the FBZ border for the propagation in the x direction-the direction of the external field H (left-right in the picture). The profiles of the same mode are organized in rows. The central-column profiles are for modes with successive frequencies in the FBZ center (n = 1, 2, 3). Due to the mode crossing at points M' and K, the mode order can be different as it is in the case of Fig. 3a . For s = 0.4 the modes are well separated and their order does not change.
For both structure ratios, two lowest modes in point Γ (central column) are strongly concentrated in Co rods and their profiles are similar. The lowest one is a fundamental mode-a counterpart of the uniform excitation having the magnetization precessing all in phase (which is not necessarily the lowest mode in the spectrum).
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The second mode exhibits two nodal lines and the phase change 2π between neighboring rows of Co in the x direction (going from left to right crosses nodal lines), i.e., the direction of the squeezing. However, within a single rod the phase changes by π leading to one nodal line (while two in the matrix). This supports our previous conclusion concerning the mode-dependent shift of the frequency upon the squeezing: this change of phase makes the frequency more sensitive to the spatial confinement and thus forces it to increase for stronger squeezing. The third mode (in Γ) for s = 0.6 (n = 3 in Fig. 3a) can be treated as next-order mode inside rods. The profile exhibits one full period of the oscillation between adjacent lines of rods in the x direction: the phase changes by 2π with two nodal lines. This is similar to the profile of the mode n = 2 but now anti-nodal lines are shifted close to the position of nodal lines for n = 2 and two nodal lines occur and the phase changes by 2π inside a single rod. Thus the mode is more sensitive to the spatial in-rod confinement which pushes up its frequency more than for n = 1 or 2. Further squeezing shifts this mode in the spectrum more than other modes causing the mode reordering and for s = 0.4 another mode is the third one in Γ (n = 3, Fig. 3b ). This mode is concentrated mostly in the matrix. Its profile has one nodal line inside rods but in the y direction (and another one in the matrix in the x direction). So there is full 2π phase change every two rows of rods in both directions.
IV. PROPAGATIONAL EFFECTS
First, let us introduce some abbreviations: RD the row of Co dots (rods), ND neighboring Co dots, both can be counted in x, y or o (oblique, ±60
• ) direction. For instance, RDy means a row of rods along the y direction (a vertical row in Fig. 3) or NDo means two rods neighboring in an oblique direction.
In the case of propagating modes (columns M' and K in Fig. 3 ), additional change in phase appears due to the non-zero wave vector. This change depends on the direction and length of the wave vector and interact with the phase distribution for k = 0 and has a big impact on the spin-wave frequency. Both lowest modes (n = 1) presented in Figs. 3a and b are all-in-phase in the FBZ center. The point M' stands for the propagation in the y direction with the wave vector at the FBZ border, i.e., in the middle between two neighboring sites of the reciprocal lattice. So, there should be additional π phase change between two successive RDx's. Indeed, inside rods from neighboring RDx's there is a phase change by π but due to the shift in the x direction by half of the lattice constant opposite phases are shifted also in the x direction. (Because the mode is strongly concentrated in rods the profile in the matrix is less important.) The final effect is, that the profile consists of all-in-phase oscillations along RDy's with alternating phase in the x direction (even if the propagation is in the y direction). The alternation of the phase makes the frequency to increase and this effect depends on the squeezing (spatial confinement): the increase of the frequency between points Γ and M' for s = 0.6 is c.a. 1 GHz while for s = 0.4 around 3 GHz (Figs. 2b and c) . At point K, one reaches the FBZ border for the wave propagation in the x direction. In the reciprocal space this point is located at the distance of 2/3 between two neighboring sites. Thus the additional change of phase due to the non-zero wave vector is 2π every three RDy's. Combining this with the fundamental mode for s = 0.6 effects in a continuous change of the phase seen in the bottom-right panel of Fig. 3a . The phase is changing both in rods and matrix, albeit in rods more rapidly. This cause the frequency to increase but to a lesser extent than at point M' (Fig. 2b) . For more squeezed structure (s = 0.4) the phase inside rods changes little, therefore a rapid change in the phase appears between neighboring RDy's (the bottom-right panel in Fig. 3b ) and the frequency increases much more than in the previous case (Fig. 2c) .
The second mode at the point Γ consists of excitations strongly concentrated inside rods and in their close vicinity for both squeezed structures (n = 2, Figs. 3a and b) . In each rod there is a nodal line in the middle in the x direction (the x direction crosses the nodal line). Since all rods have the same phase on the left and the opposite phase on the right, there is an extra nodal line in the matrix separating any pair of NDo. At the point M', additional phase change by π (resulting from the propagation) flips excitations in neighboring RDx's. Again, due to the lateral shift of neighboring RDx's the flipped phase is shifted in both cartesian directions. Therefore the phase does not change between neighboring RDy's (only in the middle of the RDy) and the nodal line between NDo's is removed. Less nodal lines in the matrix result in the lowering of the frequency at point M' (Figs.  2b and c) . In combination with the rise of the frequency of the first mode this results in the mode order change for s = 0.6. (For s = 0.4 the separation of these modes is large enough to prevent the change of their order.) The propagation in the x direction (point K in the FBZ) brings two features: continuous change of the phase and disappearing of nodal lines-the phase changes smoothly. These two have the opposite effect on the frequency which results in its little change on the path from Γ to K in the FBZ.
The third mode for s = 0.6 joins the higher part of the spin-wave spectrum and due to its frequency change over the FBZ the mode ascends in the spectrum in both directions of propagation: at M' it becomes the fifth mode and at K the fourth one. The change of its profile is shown in the upper row of Fig. 3a . The profile for point Γ in the x direction exhibits one full period of the oscillation between adjacent RDy's: the phase changes by 2π with two nodal lines in the matrix but also inside of any rod. Because there is the same phase at both sides of every rod (green areas) maxima of this phase form lines not only in rods but also in the matrix connecting NDy's. At point M' the additional phase change by π in the y direction causes the phase around rods from neighboring RDx's to alter. As a result, there are no more anti-nodal lines connecting NDo's-the additional nodal line appears in the matrix which cause the frequency to increase. At the point K, similarly to the second mode, nodal lines are removed and the phase changes smoothly. However, the phase change is more rapid, especially inside rods, which pushes the frequency up. The third mode for s = 0.4 is different (Fig. 3b) which we explain in Sec. 3, but again, at the point M' an additional nodal line appears in the matrix shifting the frequency up (Fig. 2c) . At the point K the nodal line in the matrix retains with additional phase change in-between neighboring RDx's so the frequency increases.
Also, the in-rod concentration is nonuniform and anisotropic, i.e., depends on both the length and the direction of the wave vector. This is related to the in-plane structure of the MC so for higher squeezing it should be stronger resulting in much more diverse concentration factor. Of course, the final result depends on the mode profile: any additional nodal line in the rods makes the excitation of the spin wave more difficult and pushes the profile out. The same applies to the matrix.
V. OMNIDIRECTIONAL GAPS TAILORING
In Fig. 4 we illustrate the influence of the squeezing on complete magnonic gaps for three magnitudes of the external magnetic field (50, 75, and 100 mT). Only two lowest gaps are presented because in the studied range of external field other gaps occur occasionally and their width is restricted to few tens of MHz. Fig. 4a gives the overall view of the evolution of gaps with their position and width. Additionally, in Figs. 4b-d the dependence of the gap width on the squeezing is plotted for both gaps and all three external field magnitudes (scales are the same in all three graphs).
For the very strong squeezing (s < 0.25) there are no gaps at all. Above this value for all three external field magnitudes the first gap occurs and its width increases with growing s up to s = 0.34 where the maximum of the width is reached. The maximum of the gap width depends on the external field the highest one is for 50 mT and the lowest for 100 mT. The gap disappears for s > 0.44 independently on the external filed magnitude thus at the low external field (up to c.a. 200 mT) the range of s for which the 1st gap exists does not depend on the field magnitude. For weaker squeezing (s > 0.35) the second gap appears. The structure ratio range of its existence clearly depends on the external field albeit the maximum of its width stands for s = 0.6 at all fields. At 100 mT the gap occurs even for the structure stretched instead of squeezed (s = 1.17) while at lower fields it disappears for s > 0.82. On the other hand, at low fields, there is a range of s for which both gaps coexist.
These properties allow to manipulate the pass-bands (bands) and stop-bands (band gaps) of the eventual magnonic filter by in operando squeezing or stretching of the sample. For instance, if the original structure is based on the s = 0.4 MC at H = 50 mT the stretching by c.a. 8% closes the first gap and widens the second gap twice (see Fig. 4d ). The opposite effect one can achieve by the 8% squeezing-the second gap closes and the first one widens twice. Simultaneously the pass-band between these two gaps is shifted in the frequency scale (see Fig.  4a ).
The above picture of the dependence of gaps existence and their width on the squeezing of the MC gives the possibility to design the gaps behavior also with the external field. The change of the external magnetic field magnitude shifts the spin-wave spectrum in the frequency range and for the high magnetic field the common scenario is that this shift is uniform. The situation is much different in the case of low fields especially when the softening of modes takes place. 29, 30, 36 The behavior of the spin-wave spectrum in the low magnetic field exhibits features similar to those caused by the squeezing. We address this problem to the increasing importance of the demagnetizing field with decreasing of the external field.
In Fig. 5 the evolution of two lowest gaps vs. the external magnetic field is shown for four squeezed structures: s = 0.34 (maximal width of the 1st gap), s = 0.42 (two gaps coexistence), s = 0.6 (maximal width of the 2nd gap), and s = 0.85 (no gaps below 80 mT). In all cases, both gaps shift toward high frequencies quickly while H increases but these structures have very different sensitivity of the gap width to the external field magnitude. At 50 mT the widest gap appears for s = 0.6 (Fig. 5c) . This is the 2nd gap which starts with the width 961 MHz but gets narrow rapidly with increasing H; at 100 mT it reaches 397 MHz. For higher magnetic field its narrowing slows down and finally, the gap disappears above 200 mT. Also for s = 0.34 ( Fig. 5a ) at 50 mT the broad gap occurs: the 1st gap is 744 MHz wide. Its width reduces much slower than in the previous case and at 100 mT it becomes 555 MHz. The gap closes at 238 mT. In Fig. 5b we present an example of the coexistence of both gaps (s = 0.42) at the same frequency. At 50 mT the first gap is as narrow as 137 MHz but its width changes very little up to 100 mT. Here, the gap is 126 MHz wide. It closes above 212 mT. The behavior of the second gap is much different. At 50 mT the gap is 461 MHz wide (3.4 times wider than the 1st gap) but it shrinks rapidly with almost constant speed and closes at 87 mT. In the last example (s = 0.85, Fig. 5d ) at 50 mT there is no gap but the 2nd gap appears for higher filed. It starts at 82 mT, reaches the maximal width at 124 mT (169 MHz), and vanishes above 224 mT.
The squeezed MCs give a possibility to manipulate the eventual magnonic filter properties by the external field. Let's consider, for example, a frequency equal to 7 GHz (the horizontal dashed line in Fig. 5 ). For s = 0.34 at the field below 56 or above 67 mT the frequency in question is in the band so it should propagate with no restrictions while at the field ranges from 56 to 67 mT the frequency fits the band gap and should be strongly suppressed (Fig.  5a) . For s = 0.42 this frequency is allowed in the field range 57-66 mT and suppressed in ranges 50-57 mT and 66-70 mT (Fig. 5b) . So the particular squeezing of the structure allows designing the further answer of the spinwave spectrum to the external field change. All examples presented above are 2D MCs based on the squeezed hexagonal lattice and containing Co elliptical dots immersed in the Py matrix. The usage of the squeezed structure makes possible to tailor omnidirectional gaps and their behavior via demagnetizing field design. Then the external magnetic field can be applied for the reversible control of band gaps. This makes squeezed MCs a promising candidate for tunable spinwave filters and transducers designing. Especially, that all considered structures are possible to fabricate with the nowadays technology. Also, band gaps can be determined by standard experimental techniques such as Brillouin light scattering or transmission measurements with VNA-FMR. 
VI. CONCLUSIONS
In the paper, we have used the PWM to study theoretically 2D MCs consist of cobalt rods embedded in the thin film permalloy matrix and based on the squeezed hexagonal lattice. As demonstrated by our results, omnidirectional gaps in the spin-wave spectrum can open as a result of both squeezing of the structure and changing of the in-plane external magnetic field magnitude. In both cases, the crucial role is played by the demagnetizing field and the distribution of spin-wave amplitude.
The squeezing along the direction of the external field has a great impact on the magnitude of the demagnetizing field. The negative demagnetizing filed in cobalt is stronger if MC is based on more squeezed structure along the magnetic field direction. This leads to the lowering of the effective field and, as a consequence, to the increasing of the spin-wave concentration in rods. Also, the spatial confinement of the excitation depends on squeezing. The confinement influences spin-wave frequencies with regard to the mode profile which causes the effect of squeezing to be mode dependent. For propagating spin waves the profile changes with the direction and the length of the wave vector which makes the effect k-dependent and finally changes the bandwidth. This leads to broadening or shrinking of the band in accordance with the mode profile in the FBZ center. At the low external field, the demagnetizing field gains importance so these effects become stronger. The mode-and the k-dependent softening of spin waves may lead to the reversible opening and closing of different magnonic gaps without magnetization reversal.
These features make squeezed 2D MCs useful for tailoring of the spin-wave spectrum in the context of omnidirectional gaps existence and the behavior of gaps with the external field change. As an example we have provided four cases in which 1-2 gaps can be open and close by change of the external filed: a single wide gap or two coexisting gaps which close with different speed while external field grows, or one gap which occurs for intermediate fields and disappears if the field is too low or too high. All proposed structures are possible to fabricate with state-of-the-art technology which makes squeezed 2D MCs considerable candidates for designing of the tunable magnonic devices.
